This paper presents theoretical and experimental results on observer-based impedance control. Impedance control is a technique for robot force control, which is often used to deal with geometric uncertainty. The aim of this technique is to obtain a dynamic relation between position and force in interaction similar to Newton's second law. Here the velocity is used to modify the damping of the impedance relation. Since the velocity is not measurable, which is often the case for industrial robots, an observer is designed to reconstruct it. A good model of the robot joint used is obtained by system identification. Results on observer-based SPR feedback are applied in the design, and the stability issue is approached by a modified Popov criterion. The experiments are carried out on an ABB industrial robot 2000 at the Department of Automatic Control in Lund, Sweden.
Introduction
Today industrial robots are used in a wide range of applications. Many of these applications will naturally require the robot to come into contact with a physical environment. Examples include, e.g., welding, grinding, and drilling. This interaction with the environment will set constraints on the geometric paths that can be followed, a situation referred to as constrained motion.
To avoid excessive contact forces the robot trajectory must be planned with high accuracy. This is, however, often impossible because of geometric uncertainty and finite positioning accuracy. A way to solve this conflict is to let the robot manipulator be force controlled.
One often used technique for robot force control is impedance control [Chiaverini et al., 1999; Hogan, 1985; Johansson and Spong, 1994; Siciliano and Villani, 1999 ]. This technique is aimed at controlling the dynamic relation between position error and force error in interaction similar to Newton's second law of motion. The impedance relationship between force F and position x used in this paper is represented by the equation
where the positive constants K and D represent stiffness and damping, respectively.
One simple way to achieve this relation is to control the following output variable to zero
which can be done, e.g., using an ordinary PIcontroller.
A problem, however, is that the velocity is not available for measurement. This is often the case for industrial robots, mainly for considerations of cost and weight.
This paper presents a method to perform observerbased impedance control in one dimension. For related work, see e.g., [Siciliano and Villani, 1997] . Our approach is based on SPR/FPR observer-based feedback design with a modified Popov criterion used for the stability analysis.
Sections 2 and 3 describe the experimental setup and the identification of a model for the system. In Section 4 the control law and the design procedure is described, and Section 5 is devoted to the stability analysis. Simulations and an experiment are presented in Section 6. The paper is concluded by a discussion and conclusions in Sections 7 and 8.
Experimental setup
The experiments are performed in the Robotics Lab at the Department of Automatic Control in Lund using an ABB industrial robot 2000, see Figure 1 . The controller is implemented in Matlab/Simulink, compiled and dynamically linked to the Open Robot Control System [Nilsson et al., 1996] . The forces are measured using a wrist-mounted, DSP-based force/torque sensor from JR3.
The physical constraint is represented by a vertical screen as seen in Figure 1 , and the impedance is controlled perpendicular to this screen using joint one, i.e., the base joint, of the robot. The situation can be modeled as in Figure 2 , where x c is the location of the screen, x ∞ the stationary position, and x r the desired position in the case of unconstrained motion. In the following x r is zero. The stationary position will depend on the relation between the environmental stiffness and the robot stiffness as specified by the impedance relation. If the robot is made very stiff then x ∞ will be close to x r , whereas a stiff environment will lead to x ∞ being close to x c .
The contact force is modeled as a regular spring, i.e.,
The stiffness, k, of the screen used in the experiments is 5 N/rad. The position measurement is given in radians on the motor side, and using the gear ratio of −71.44 the actual values of the robot arm can be computed.
Modeling
A good model of the base joint is needed in order to design the observer. This model is obtained by system identification. The joint is modeled as two
Figure 2 A screen representing a physical constraint. x c is the location of the screen, x ∞ the stationary position, and x r the desired position in the case of unconstrained motion.
x c x F Figure 3 The contact force nonlinearity. When the robot is in contact with the environment the force is modeled as a linear spring, and before contact the force is zero.
rotating masses connected by a spring-damper as in Figure 4 , reflecting the flexibility of the gear-box and the axis. The angular position and velocity on the motor side are denoted ϕ 1 and ω 1 , whereas ϕ 2 and ω 2 denote the corresponding quantities of the robot arm. The process input is the torque, τ , applied by the motor and the measured process output is the angular position on the motor side, ϕ 1 .
By introducing the state variables
and the input u(t) = τ (t), the system can be written
Figure 4
Physical model of the robot joint. The angular position on the motor side, ϕ 1 , is measurable. The input is the torque, τ , applied by the motor.
on state-space form aṡ
The numerical values of the coefficients in the statespace model above are estimated by prediction error method in Matlab [Ljung, 1991] . The final identified model is given bẏ A validation is shown in Figure 5 comparing true process output with a simulation of the state-space model (6).
The control law
Molander and Willems provided a design procedure for L-i.e., design for nonlinear state-feedback control-with specified gain margin [Molander and Willems, 1980] . They made a characterization of the conditions for stability of feedback systems with a high gain margiṅ
with f (⋅, ⋅) enclosed in a sector [K 1 , K 2 ]. The following procedure was suggested to find a state-feedback vector L such that the closed-loop system will tolerate any
Synthesis of a state-feedback vector L with a robustness sector
• Solve the Riccati equation PA + A T P − 2K 1 PB B T P + Q = 0 and take L = B T P which can be recognized as an FPR conditioni.e., the stability condition will be that of an SPR condition on
The design procedure was based on a circle-criterion proof and involved a solution of a Riccati equation. In the context of observer-based state feedback control, the controllability condition presents a problem of application.
In [Johansson and Robertsson, 2001 ] such SPR/FPR design have been generalized to the case of observerbased state feedback control. Now consider the state feedback control law
where F is the measured contact force and c is a constant. The state estimates,x, are given by the full-order observeṙ
where the observer gain, K f , is chosen using ordinary pole-placement of the eigenvalues of A − K f C, with the system matrices (A, C) given by (6).
The control law (8) is equivalent to proportional control of the output variable (2), since the states in the state-space model of the robot joint are position and velocity. The state feedback matrix, L, is chosen according to the results in [Johansson and Robertsson, 2001 ], i.e., where P c = P T c > 0 is the solution to the algebraic Riccati equation 
The penalty, K p , on the position will affect the stiffness in the impedance relation, whereas D p will affect the damping.
Stability analysis
Stability concerning the contact force non-linearity is analyzed using the Popov criterion. A block diagram of the system under the impedance control (8) is shown in Figure 6 . Stability is analyzed by plotting the Popov curve for the transfer function from A to B. Then it is possible to determine a sector [0, k max ] in which the contact force non-linearity must be contained in order to guarantee stability [Khalil, 1996] . The stability sector will be affected by the choice of the state feedback L. The observer gain matrix, K f , was chosen as 270, 16700, 78, −1190 ] T (15) Figure 7 shows the Popov plot of the transfer function from A to B in Figure 6 using the gain matrices above. To guarantee stability the slope of the nonlinearity, i.e., c ⋅ k, must be less than k max . The stiffness of the environment is k = 5 N/rad as mentioned in Section 2 and c = 0.01. From Figure 7 it can be concluded that the stability margin is large in this case.
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Simulations and experiment
The dash-dotted curve in Figure 8 shows a simulation using the design in the example above. The dashed line in the position plot marks the location of the screen. By modifying the penalty K p the stiffness of the impedance relation is changed, which is shown by the solid curves in the figure. Figure 9 shows a simulation examining the influence of the penalty D p . It is seen that the damping during the transient is affected, but that the stationary force is the same in both cases. The simulations were done in Matlab/Simulink. ure 10. This experiment corresponds to the case analyzed in the example, and is the same as the dashdotted curve in the simulation in Figure 8 . The initial force transient before contact is an inertia force. The correspondence between experiment and simulation is good. As predicted in the analysis stability is preserved at contact.
Discussion
This paper is only concerned with one-dimensional impedance control, and an obvious extension would be to apply the results in two and three dimensions. This would include use of the Jacobian to translate forces from the task space to the operational space, as well as full dynamics for the robot and gravity compensation. The simple linear model of the robot would not be enough and the coupling between the links would require nonlinear observer-based control [Robertsson, 1999] . Another possible extension would be to apply the results on other force control schemes such as parallel force/position control or hybrid force/position control [Chiaverini et al., 1999; Gorinevsky et al., 1997; Hemami and Zeng, 1997; Siciliano and Villani, 1999] .
Another approach to the stability analysis is presented in [Henriksson, 2000] , and is based on theory for piecewise linear control systems [Johansson, 1999] motivated by the piecewise linear nature of the contact force. Stability is proven by computing piecewise quadratic Lyapunov functions. This analysis, however, is based on full state information.
Conclusions
An approach to observer-based impedance control in one dimension has been presented. Impedance control is a robot force control technique aimed at controlling the relation between position and force, rather than controlling either of these variables alone. This technique is often used to deal with geometric uncertainty, i.e., when the exact location of the environment is unknown.
The simple one-dimensional impedance control considered in this paper was aimed at obtaining the following relation between position and force
where K and D are positive constants with interpretation of stiffness and damping, respectively.
Since industrial robots are often equipped with position sensors only, the velocity had to be reconstructed. A full-order observer was used to estimate the velocity, and the model of the robot joint needed for the observer dynamics was obtained by system identification.
The approach taken was based on results on observer-based SPR feedback [Johansson and Robertsson, 2001] . The design included the solution of a Riccati equation, and the stiffness and damping in the impedance relation were modified by the choice of weights in the design matrix. Stability was proven by a modified Popov criterion.
The theoretical results were verified by experiments and simulations. The experiments were carried out on an ABB industrial robot 2000 at the Department of Automatic Control in Lund, Sweden.
